A variety of sulphonates were tested for their ability to serve as nutrients for Escherichia coli, Enterobacter aerogenes and Serratia marcescens. Cysteate, taurine and isethionate could not serve as sole sources of carbon and energy but, under aerobic conditions, could be utilized as sources of sulphur. Both sulphate and sulphonate supported equivalent cell yields, but the generation times varied with the sulphonate being metabolized. The sulphonate-S of HEPES buffer, dodecane sulphonate and methane sulphonate was also utilized by some strains, whereas the sulphonate-S of taurocholate was not. None of the sulphonates tested served as a sulphur source for growth under anaerobic conditions. Sulphonate utilization appears to be a constitutive trait ; surprisingly, however, cells of E. coli and Ent. aerogenes utilized sulphate-S in preference to that of sulphonate, when both were present. E. coli mutants unable to use sulphate as a source of sulphur because of deficiencies in sulphate permease, ATP sulphurylase, adenylylsulphate kinase (APS kinase) or glutaredoxin and thioredoxin were able to utilize sulphonates ; hence sulphate is not an obligatory intermediate in sulphonate utilization. However, mutants deficient in sulphite reductase were unable to utilize sulphonates ; therefore, this enzyme must be involved in sulphonate utilization, though it is not yet known whether it acts upon the sulphonates themselves or upon the inorganic sulphite derived from them.
Introduction
Organosulphur compounds in which a sulphur atom at the oxidation state of + 4 is covalently linked to a carbon atom are termed sulphonates; these can be either aliphatic or aromatic. Because sulphonates occur naturally, they can be expected to serve as carbon, sulphur and nitrogen sources for bacteria. A few studies (Kondo et al., 1971; Stapley & Starkey, 1970) have shown that sulphonates such as cysteate and taurine are indeed used for such purposes, but the details of their assimilation are few and incomplete. Even less is known about the utilization of the sulphonate moiety which occurs in more complex molecules such as taurocholate (a bile salt), the sulphonolipids of gliding bacteria (Godchaux & Leadbetter, 1984) and the most widely distributed sulphonate, sulphoquinovose, present in the lipids of phototrophs (Benson et al., 1959) .
This report focuses on sulphonate utilization by a physiologically distinct group of bacteria, the enteric bacteria, in order to ascertain some aspects of their potential to use these molecules as carbon, energy and sulphur sources. Although Neidhardt et al. (1987) do not note this nutritional trait, Roberts et al. (1957) stated *Author for correspondence. Tel. (203) 486 1931; fax (203) 486 1936. that both cysteic acid and taurine can serve as sole source of sulphur for growth of Escherichia coli. More recently, McLaggan & Epstein (1991) also noted that taurine is utilized as a 'sulphate source' by another strain of E. coli, and functions as a 'pseudocompatible' solute in this bacterium.
Members of the Enterobacteriaceae can utilize the sulphur of different sulphur-containing molecules. For example, both Salmonella typhimurium and E. coli utilize sulphate, thiosulphate, sulphite and sulphide as well as thiol compounds (Kredich, 1987) . Growth on oxidized forms of inorganic sulphur, e.g. sulphate, requires a complicated set of reactions (assimilatory sulphate reduction) involved in sulphur uptake and its reduction to sulphide (Kredich, 1987) . Since little is known about either the details of assimilation of sulphonate-sulphur in E. coli, or sulphonate metabolism by other members of the Enterobacteriaceae, we have begun such studies with a view to assessing the role of these bacteria in transformation of sulphonate-sulphur in the natural sulphur cycle.
Methods
Strains. The parent strains of Escherichia coli K12, E. coli B, E. coli ATCC 25992, Enterobacter aerogenes, Serratia marcescens, Shigella flexneri and Proteus vulgaris were obtained from the University of Connecticut collection. The mutant strains of E. coli were provided by Barbara J. Bachman (CysA-, CysJ-and CysI-), Douglas E. Berg (CysD-CysN-and CysC-CysN-) and Marjorie Russel (Grx-Trx-CysA-). Cultures were maintained on Trypticase Soy Agar (TSA, Difco) slants and stored at 4°C. All experiments, with the exception of those employing mutants, used overnight cultures grown in basal salts medium at 25 "C.
Media.
The basal salts medium contained 40 ~M-K,HPO,, 15 ~M -N~H , P O , .
H,O, 19 m~-NH,cl, 90 p~-CaCl,, and 3 mMMgC1,. 6H,O. Glucose (30 mM) was the usual carbon source; the sulphur source varied in different experiments, but the concentration of each compound used as a sulphur source was 50 p~. The growth medium for E. coli mutants contained, in addition, 1 YO (w/v) agarose (Type V, Sigma) as a solidifying agent. The lack of growth of wild-type cells in the absence of added sulphur indicated the absence of significant quantities of sulphur-containing contaminants. Because sulphur is present at low levels in reagent-grade chemicals, even a chemically defined medium contains about 7 pM-sulphur (Kredich, 1987) and will thus support some growth in the absence of an added sulphur source. In order to deplete the glucose/salts medium of such sulphur for studies of constitutivity/inducibility of sulphonate utilization, we used a biological approach: E. coli in the mid-exponential growth phase were inoculated into the medium and when growth ceased (OD,,, 0.25) as a result of sulphur depletion, the culture was filter-sterilized and the filtrate used as a sulphur-free medium.
Test of sulphonates as sources of carbon and energy. Growth from overnight cultures was inoculated into glucose-free basal salts medium containing sulphate and 30, 60 or 90 mM concentrations of one of the different sulphonates -cysteate, taurine or isethionate (Zhydroxyethanesulphonate) -and the OD,,, of cultures measured after 3 and 7 d. Where no growth occurred, in order to be certain that sulphonates were not toxic to the cells, glucose was added after 7 d and the resultant rapid growth was taken to indicate that the sulphonate had no toxic effects. Essentially identical experiments, but in medium lacking added sulphate, were carried out to examine the ability of sulphonates to serve as sole source of carbon, energy and sulphur. Aerobic conditions were attained by shaking 125 ml Erlenmeyer flasks containing 25 ml of medium at 80 strokes min-I ; anaerobic conditions were created by using completely filled screw-capped test tubes for culturing.
Test of sulphonates as sole sources of sulphur. The OD,,, of cultures tested for utilization of different sulphonates was measured after 24 h at stationary growth phase. Growth under both aerobic and anaerobic conditions was tested, as described above.
Assessment of sulphate and sulphite as obligatory assimilatory intermediates. E. coli strains mutant in different enzymes of the assimilatory sulphate reductive pathway (sulphate permease, ATP sulphurylase, adenylylsulphate kinase ( A P S kinase), glutaredoxinthioredoxin and sulphite reductase) were tested for their ability to utilize sulphonates as sole sources of sulphur on agarose-solidified, glucose/salts medium. The ability of the mutants to grow with cysteine/cystine as sulphur source served as a positive control in each experiment.
Tentative assessment of the constitutivity or inducibility of sulphonate utilization. Enterobacter aerogenes was inoculated into a glucose/salts medium containing either sulphate or isethionate as sulphur source ; once the cultures reached the mid-exponential growth phase (OD,,, 0*4), they were centrifuged (7700 g for 10 min), and the cells were washed three times in sulphur-free medium and transferred into medium containing either sulphate or isethionate or into sulphur-free medium, to determine if a lag in growth (OD,,, measurements) resulted.
Assessment of competition between sulphate and sulphonate. Cells of Ent. aerogenes were grown on glucose/salts medium containing either sulphate or isethionate as sulphur source. When cultures had reached mid-exponential phase (OD,5, 0.4), cells were harvested by centrifugation (7700 g for 10 min, 4 "C), resuspended and recentrifuged in 0.1 M-sodium-phosphate buffer (PH 7.2) three times and transferred to flasks containing [3SS]sulphate (50 p~, 1 pCi pmol-' ; 37 kBq pmol-') alone or radioactive sulphate and non-radioactive isethionate (50 p~). Cultures were incubated with shaking and at successive time intervals 1 ml samples were removed and filtered under vacuum through a 0.45 pm pore size polysulphone filter (Gelman Sciences) that had been first wetted with the phosphate buffer. The filter was removed and placed into a vial, 5 ml scintillation cocktail (Opti-fluor, Packard) was added, and the radioactivity was measured in a liquid scintillation counter. These experiments were performed in triplicate.
Reproducibility. All experiments were performed at least three times ; growth yields and generation times varied by less than 15 YO amongst replicates, and replicates of the results presented in the figures produced essentially identical results.
Results

Sulphonates do not serve as carbon and energy source
No growth was observed for any of the strains tested when sulphonates (cysteate, isethionate or taurine) were employed as a sole source of carbon and energy, or of carbon, energy and sulphur, under either aerobic (respiration) or anaerobic conditions. Even at the highest sulphonate concentrations tested (90 mM), no toxicity was observed.
Sulphonates can be utilized as sole sources of sulphur
When tested under aerobic conditions, cysteate, taurine and isethionate could serve as sole sources of sulphur for different strains. In strains able to use either source, equivalent, but growth-limiting, concentrations of sulphate and sulphonates supported equivalent final cell yields (Table 1) . Generation times, however, often varied with the sulphonate utilized : isethionate supported the most rapid growth and cysteate the slowest (Table 2) ; for some strains the growth rate using a sulphonate or sulphate was identical. In addition to the short-chain aliphatic sulphonates, a few other compounds, both simple and complex, could be used as sulphur source by some strains (Table 3) . Some enteric bacteria were unable to use any of the sulphonates tested as a source of sulphur: (e.g. Sal. typhimurium, P . vulgaris, Shig. JEexneri and a fresh isolate of E. coli) (Tables 1 and 3) . Of interest is the observation that none of the sulphonates utilized under aerobic conditions were used as sulphur source for anaerobic growth (OD,,o < 0.1).
Sulphate and sulphite : obligatory intermediates in sulphonate assimilation?
E. coli mutants in sulphate permease (CysA-), ATP sulphurylase (CysD-CysN-), ATP sulphurylase and APS kinase (CysC-CysN-) and glutaredoxin, thioredoxin, and sulphate permease (Grx-Trx-CysA-) used isethionate as the sole source of sulphur (Table 4) ; mutants in the sulphite reductase (CysJ-and CysI-) did not ( Table 4) . The mutants grew well on cysteine/cystine as sulphur source.
Sulphonate utilization appears to be constitutive
No growth lag was observed when cells grown on glucose/salts medium containing sulphate as a sole source of sulphur were washed and resuspended in medium containing isethionate as sole sulphur source (Fig. 1) . Absence of a growth lag was also observed when sulphonate-grown cells were washed and transferred to a medium containing sulphate (results not shown). No sustained growth was observed when cells growing on either sulphate or sulphonate were transferred into sulphur-free medium. amount of sulphate-S per unit of biomass (Fig. 2) . Hence, isethionate did not compete effectively with sulphate as a sulphur source. In contrast (as would be expected), cells growing in cysteine-containing medium did not incorporate [35S]sulphate (results not shown).
Sulphate-S is used in preference to that of a sulphonate
Cells of
Discussion
Some knowledge has been accumulated in recent years on the assimilation of several sulphonates by different bacteria, e.g. pseudomonads (Locher et al., 1989; Nortemann et al., 1986; Thurnheer et al., 1990; Wittich et al., 1988) ; unfortunately, most of these studies paid little attention to the extent and means by which enteric bacteria, the focus of this study, could incorporate the sulphur of these molecules into cellular sulphur compounds. Although the family Enterobacteriaceae does not have a broad nutritional spectrum, some species exist in soil and water (where sulphonates are quite abundant), and some are found in intestinal tracts where at least one sulphonate, taurocholate, occurs naturally ; therefore, some sulphonate assimilation by these bacteria could be expected. The ability of cysteate and taurine to serve as sole sulphur source for a strain of E. coli has been demonstrated earlier (Roberts et al., 1957) . We have established that these, and other sulphonates, can also be utilized by some other (but not all) E. coli strains, as well as by a strain of En?. aerogenes and one of Ser. marcescens. The finding that methane sulphonate (a major product of the photochemical oxidation, in the atmosphere, of dimethyl sulphide) can be used as a source of sulphur by enteric bacteria is very significant. Baker et al. ( 1991) recognized that this molecule serves as a source of carbon for methylotrophic bacteria; it is now clear that heterotrophic bacteria can also metabolize methane sulphonate as a source of sulphur.
None of the organisms tested were able to utilize even short-chain aliphatic sulphonates as sole source of carbon and energy or as sole source of carbon, energy and sulphur. This is somewhat surprising since the result of an expected oxidative cleavage of the C-S bond should be carbon compounds quite similar to those molecules (e.g. acetate, ethanol) that are known to serve as sole carbon and energy sources for E. coli. It remains to be seen whether sulphate or sulphite inhibit the activity of particular sulphonate-degrading enzymes.
Even more surprising is the lack of sulphonate utilization under anaerobic conditions, since we have found no evidence for sulphonate toxicity. In addition, the results from the study of several mutant strains provide no suggestion that sulphate is an obligatory intermediate (and thus that molecular oxygen might be necessary for an oxidative cleavage of the C-S bond) in the conversion of sulphonate-sulphur to that of cellular intermediates.
Thus, several intriguing aspects of the utilization of sulphonate-sulphur emerge. The fact that the sulphur of several different sulphonates can be assimilated by these bacteria, and the observations (Roberts et al., 1957; this paper) that (a) growth on sulphonates does not result in inhibition or repression of sulphate assimilation and (b) sulphate-sulphur is used in preference to that of isethionate when both are present, combine to emphasize the apparent novelty of sulphonate metabolism, and may indicate that a direct assimilatory reduction of sulphonates occurs. Such a possibility is consistent with essentially identical observations on the assimilation of sulphonate sulphur in pseudomonads (A. P. Seitz, E. R. Leadbetter and W. Godchaux, 111, unpublished results) as well as several other bacteria (Zurrer et al., 1987) .
Since the several mutants deficient in different aspects of the ability to reduce sulphate to sulphite are all able to utilize sulphonate-sulphur, it is clear that in these strains of E. coli, at least, sulphur at this oxidation state (+4) can be assimilated without prior oxidation to sulphate ( + 6 ) . Given the need for ATP expenditure in the reduction of sulphate to sulphite, it would seem that these bacteria are taking advantage of the reduced state of sulphonate-sulphur and are not being wasteful by first oxidizing it only then to reduce it by the assimilatory sulp hate reduction pathway .
Whether sulphite itself is released from these sulphonates and subjected to further reduction, or whether reduction takes place with the C-S bond intact has not been resolved by the demonstration that mutant strains (CysJ-, CysI-) deficient in either of the subunits of sulphite reductase are unable to utilize sulphonate sulphur. Sulphite (or in some instances, sulphate) has been shown to be released from some arylsulphonates when the latter serve either as sole source of carbon and energy (Cain & Farr, 1968) or as sulphur source alone (Zurrer et al., 1987). It may be instructive to consider that growth on sulphte-sulphur, for example, inhibits sulphate assimilation while growth on sulphonate (the sulphur of which has an oxidation state indentical to that in sulphite) does not; this can be interpreted to indicate that sulphite per se is not released during assimilation of sulphonate-sulphur.
The basis for preferential utilization of sulphatesulphur, as opposed to that of sulphonate, and the nature of the intermediates in the metabolism of sulphonatesulphur should be revealed by the more detailed studies of the enzymology of sulphonate utilization by enteric bacteria that are in progress in our laboratory.
